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ABSTRACT
Flux-ratio anomalies in quasar lenses can be attributed to dark matter substructure surround-
ing the lensing galaxy and thus used to constrain the substructure mass fraction. Previous
applications of this approach infer a substructure abundance that is potentially in tension with
the predictions of � cold dark matter cosmology. However, the assumption that all flux-ratio
anomalies are due to substructure is a strong one and alternative explanations have not been
fully investigated. Here, we use new high-resolution near-IR Keck II adaptive optics imaging
for the lens system CLASS B0712+472 to perform pixel-based lens modelling for this system
and, in combination with the new Very Long Baseline Array radio observations, show that
the inclusion of the disc in the lens model can explain the flux-ratio anomalies without the
need for dark matter substructures. The projected disc mass comprises 16 per cent of the total
lensing mass within the Einstein radius and the total disc mass is 1.79 × 1010 M�. The case of
B0712+472 adds to the evidence that not all flux-ratio anomalies are due to dark subhaloes and
highlights the importance of taking the effects of baryonic structures more fully into account
in order to obtain an accurate measure of the substructure mass fraction.

Key words: gravitational lensing: strong – quasars: individual: CLASS B0712+472 – galax-
ies: structure.

1 IN T RO D U C T I O N

Simulations based on � cold dark matter (�CDM) cosmology pre-
dict that every galaxy halo should be populated by an abundance
of low-mass substructure (Klypin et al. 1999; Moore et al. 1999;
Springel et al. 2008). However, such a large satellite population
has not yet been identified in the local group (Strigari et al. 2007;
The DES Collaboration et al. 2015; Koposov et al. 2015). One
explanation may be that haloes of such low masses are unable to
form stars and are therefore dark (e.g. Klypin et al. 1999; Bullock,
Kravtsov & Weinberg 2000; Papastergis et al. 2011); if true, this
prediction must be tested by probes that are sensitive to the mass,
rather than the light. Strong gravitational lensing is therefore an ex-
cellent way to investigate the possibility of dark matter substructure
in systems outside the local group. In particular, when a quasar is
multiply imaged by an intervening massive galaxy, any deviations

� E-mail: jwhsueh@ucdavis.edu (J-WH); ljo31@ast.cam.ac.uk (LO)

of the flux ratios of the different images from the predictions of a
smooth lensing mass model may be due to dark matter substruc-
tures that perturb the lens potential at the positions of the quasar
images (Mao & Schneider 1998; Metcalf & Madau 2001). Observa-
tions of these flux -ratio anomalies may therefore provide a key test
of the �CDM cosmological model against alternative dark matter
models, in which substructure is suppressed by a turnover in the
primordial matter density power spectrum (e.g. Sawala et al. 2016;
Vogelsberger et al. 2016).

The first application of this method was carried out by Dalal &
Kochanek (2002), in which seven radio-loud active galactic nuclei
(AGNs) were used to constrain the projected substructure abun-
dance to 0.6–7 per cent around the critical curve of the host galaxies.
Later studies of flux-ratio anomalies have applied a strategy sim-
ilar to that of Dalal & Kochanek (2002), modelling lensed quasar
systems with a smooth mass model and attributing deviations of
the observed flux densities from the predicted values to dark sub-
structure (e.g. Fassnacht et al. 1999; Bradač et al. 2002; Fadely &
Keeton 2012; Nierenberg et al. 2014, 2017, although Nierenberg
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et al. 2017 rules out the previous substructure detection in HE0435-
1223). Radio-loud systems are especially suitable for this type of
analysis because radio wavelengths are much less strongly affected
than optical wavelengths by dust extinction and stellar microlensing
(although see also Koopmans & de Bruyn 2000a). The inferred sub-
structure mass fraction from flux-ratio anomalous lenses in Dalal
& Kochanek (2002) is marginally consistent with both CDM-only
simulations (Xu et al. 2015) and the constraints derived by Vegetti
et al. (2014) after applying the independent gravitational imaging
technique (Koopmans 2005; Vegetti & Koopmans 2009) to a differ-
ent sample of lenses. However, with the limited sample size and the
uncertainties from intrinsic variation of quasar fluxes, the inferred
substructure mass fraction in Dalal & Kochanek (2002) does not
provide a tight constraint for distinguishing different species of dark
matter.

A detailed comparison with dark-matter-only simulations con-
cluded that there was only a 1–4 per cent probability that dark-
matter substructure has produced the observed strength of the ob-
served flux-ratio anomalies in the sample of lenses analysed by Dalal
& Kochanek and subsequent studies (Xu et al. 2015), suggesting
that other effects, such as the use of overly simple mass models
(see Evans & Witt 2003) for the primary lens that incorrectly pre-
dict the expected image flux densities, may also play a significant
role. The analysis of the EAGLE (Schaye et al. 2015) and Illustris
(Vogelsberger et al. 2014) hydro-dynamical simulations by Despali
& Vegetti (2016) has shown that the expected number of low-mass
substructures can be significantly affected by baryonic processes,
and may be further reduced by 20–40 per cent (depending on the
details of feedback processes) – potentially making the discrepancy
larger (see also Chua et al. 2016). These results from the simulations
show that the substructure population may not be able to generate
the current observed flux-ratio anomaly strengths in several lens
systems and, thus, may imply alternative causes for the observed
anomalies.

Since the original Dalal & Kochanek (2002) study, observational
facilities have developed such that it is now possible to observe
the anomalous systems in much more detail and, thus, to explore
alternate explanations for their observed anomalies. One of these is
the presence of a disc in the lensing galaxy where, especially if the
disc is edge-on or close to it, the disc can provide the small-scale
perturbations in the projected mass distribution that lead to flux-ratio
anomalies. For example, Hsueh et al. (2016) used deep adaptive-
optics (AO) assisted observations with NIRC2/Keck to reveal the
presence of a faint, previously undetected edge-on disc lying across
the merging images of the gravitational lens system B1555+375.
In this system, a lens model that included the disc could reproduce
the observed flux ratios without requiring additional substructure.
Dark-matter N-body simulations have shown that interactions with
a disc component in Milky Way-sized haloes can lead to a depletion
in the number of substructures (D’Onghia et al. 2010; Yurin &
Springel 2015; Zhu et al. 2016; Errani et al. 2017). Thus, disc lenses
may have a low substructure mass fraction compared to elliptical
galaxies and, therefore, an increased probability that a feature such
as an edge-on disc is causing an observed flux anomaly. A similar
situation can arise from complex baryonic structure in elliptical
galaxies. Gilman et al. (2016) used observations of nearby galaxies
with detailed luminous mass distribution information to generate
simulated lenses and showed that structures in the stellar distribution
can contribute up to ≈10 per cent of the anomalies.

In this work, we present new observations of the gravita-
tional lens system CLASS B0712+472 (Jackson et al. 1998)
and show that this system represents another case where the ob-

Table 1. Summary of the B0712+472 observations.

Telescope Camera Band Date texp (s)

VLBA – 1.65 GHz 2016 February 13 27 360
HST WFPC2 F555W 2001 October 27 13 300
HST WFPC2 F814W 2002 October 07 8000
HST NICMOS/NIC1 F160W 1997 August 24 5246
Keck-II NIRC2 AO K′ 2010 December 02 5700

served flux-ratio anomaly can be explained by the presence of an
edge-on disc.

This paper is structured as follows. In Section 2, we present
our new near-infrared (NIR) and radio data sets, which we use to
introduce a revised lens model in Section 3. In Section 4, we discuss
our results and their potential implications for the quantification
of mass substructures using flux-ratio anomalies. Throughout the
paper, we assume a flat �CDM cosmology with �m = 0.27 and
h = 0.7.

2 O B S E RVAT I O N S & DATA R E D U C T I O N

The gravitational lens system B0712+472 has four lensed images
with a maximum separation of 1.274 arcsec in a fold configuration
(see Fig. 2). It was discovered as part of the Cosmic Lens All-Sky
Survey (CLASS; Browne et al. 2003; Myers et al. 2003), as reported
by Jackson et al. (1998). Spectroscopy of the system revealed that
the lens galaxy is at redshift z� = 0.41, whilst the background object
is a radio-loud AGN at zs = 1.34 (Fassnacht & Cohen 1998). The
high-resolution imaging with the Hubble Space Telescope (HST)
showed that the lensing galaxy has a highly inclined disc, whilst the
host galaxy of the background AGN is lensed into extended arcs in
the optical and NIR imaging. The data set that we use for the models
presented in this paper consists of optical and NIR imaging taken
with the W. M. Keck-II Telescope and HST, and high-resolution
radio imaging taken with the Very Long Baseline Array (VLBA).
These data are discussed below and summarized in Table 1. We
also use the flux ratios measured by Koopmans et al. (2003) from a
6-month-long MERLIN monitoring campaign.

2.1 Keck LGS adaptive optics and HST imaging

B0712+472 was observed as part of the Strong Lensing at High
Angular Resolution Program (SHARP; Fassnacht et al., in prepara-
tion) using the NIRC2 camera on the W. M. Keck-II Telescope on
the night of 2001 December 2 (PI: Fassnacht), using the laser guide
star (LGS) AO system with corrections derived from the LGS and
an R = 17.2 mag tip-tilt star located 7.5 arcsec from the lens. The
narrow camera mode was used, giving a field of view of ∼10 arc-
sec on a side and a pixel scale of 10 mas. The imaging consisted
of 19 dithered 300 s exposures that were obtained in the K′ filter.
The data were reduced with the standard SHARP pipeline, which
is a PYTHON-based package that is a refinement of the process de-
scribed by Auger et al. (2011). Both stacked images (including all
exposures) and individual-exposure images were created in order to
make sure that the point spread function (PSF) was well-understood
for the lens modelling (see Section 3). A cut-out of the final reduced
image is shown in Fig. 1 and also in Fig. 3(a).

B0712+472 was also observed with HST using the F555W and
F814W filters (WFPC2; PI: Impey; GO-9138) and the F160W filter
(NIC1/NICMOS; PI: Jackson; GO-7255). These data were reduced
using the standard MULTIDRIZZLE pipeline, producing final drizzled
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Figure 1. Multiband imaging of the B0712+472 system. In each plot, the white scale bar represents 1 arcsec. (a) Archival HST Wide-field/Planetary Camera
2 (WFPC2) image obtained in the F555W filter (roughly V band). (b) Archival HST WFPC2 image in the F814W filter (roughly I band). (c) Archival HST NIR
Camera and Multi-object Spectrograph (NICMOS) image obtained in the F160W filter (roughly H band). (d) Keck AO image obtained in the K′ band.

images with a pixel size of 50 mas. The reduced images are also
shown in Fig. 1. The lens and the AGN images are detected in the
HST optical bands, but the lensed host galaxy is only apparent in
the Keck II K′ band imaging. We therefore do not use the HST data
in our lens modelling, but do show a multiband image in Fig. 1.

2.2 Very long baseline array imaging

The B0712+472 system was observed with the Very Long Baseline
Array (VLBA) on 2016 February 13 (BS251 project, PI: Spingola).
The observations were carried out in full continuum mode at a cen-
tral frequency of 1.65 GHz (L band) in full polarization, with a
recording rate of 2 Gbps and 4 s integration time. The total band-
width is 256 MHz divided up into two IFs with 256 channels of
500 kHz width in each polarization, and a total observing time of
12 h. The observations were performed in phase referencing mode
with a regular switching between the target and the phase calibrator
(J0720+4737, with angular separation of 1.◦38) of 4 min, resulting
in a net observing time on B0712+472 of ∼7.6 h.

We carried out a full calibration by using the Astronomical Image
Processing System (AIPS) software package. The data were reduced
using the VLBAUTILS procedures following the standard calibration
method as follows. We first performed phase calibration by correct-
ing for the Earth orientation parameters, the delay from ionosphere
and parallactic angle. Then we applied an a priori amplitude cali-
bration, which uses measured system temperatures and gain curves.
We removed the residual instrumental phase and delay offset by
using the information provided by pulse-cal tones table. The resid-
ual fringe rates and delays were determined by applying the fringe
fitting procedure using the AIPS task FRING. Finally, we used the pri-
mary calibrator DA193 for the bandpass calibration. No frequency
or time averaging was undertaken during the calibration. This pro-
vided an effective field of view of ∼15 arcsec. Imaging was carried
out with the CLEAN algorithm in AIPS using natural weighting of
the visibilities to improve the sensitivity to the extended emission
from the jets, and restored using an elliptical Gaussian beam of size
9.5 × 8.2 mas2 at a position angle of 5.◦3 east of north. The final
map (Fig. 2) has an rms of 31 µJy beam−1.

The total flux density of B0712+472 was determined in the image
plane by placing an aperture over the area that contains the four
components using the TVSTAT task and was found to be 21.9 ±
1.8 mJy. The gain corrections found during the calibration were of
the order ∼8 per cent, which was assumed as a conservative estimate
of the error on the absolute flux density. The flux densities of the
individual images were estimated by a Gaussian fit on the image

plane using the JMFIT task. The uncertainties on the flux density
ratios are calculated as the product of the flux ratio with the square
root of the sum of the squares of the fractional uncertainties on each
of the flux densities. In Table 2, we list the flux density ratios and
their uncertainties.

We find that the fold images A and B show extended core-jet
structure in both images (Fig. 2). There is a hint of a perturbed arc
between A and B of ∼165 mas in length. Image C is still compact
on mas scales, whereas image D is only marginally detected (∼1σ ).

3 L E N S MO D E L L I N G

B0712+472 has several notable features in the high-resolution AO
and HST imaging. The lens galaxy has a highly inclined disc that
lies close to the lensed images B and D (Fig. 3a). In Hsueh et al.
(2016), a similar configuration was revealed in B1555+375. In
that system, a simple model that incorporated the newly discovered
edge-on disc could fully produce the observed flux-ratio anomaly
without requiring the presence of substructures. Here, we investigate
whether the same is true for B0712+472.

3.1 A simple mass model

In Dalal & Kochanek (2002) and Xu et al. (2015), the flux ra-
tios were shown to be anomalous in the context of a simple mass
model including a singular isothermal ellipsoid (SIE) plus external
shear. Before investigating more complex models, we here revisit
the SIE+shear model in the context of our updated quasar image
positions and monitoring flux-density ratios. We use the radio im-
age positions (quasar image positions that are precise to 3 mas from
our VLBA observations) and flux ratios from the 6-month-long
MERLIN monitoring of this lens by Koopmans et al. (2003) as in-
put constraints in GRAVLENS (Keeton 2001). We do not include the
flux ratios from VLBA 1.65 GHz and MERLIN 15 GHz in the lens
modelling, since a one-time flux measurement can be offset by up
to 20 per cent from the average flux (see fig. 1 in Koopmans et al.
2003). The Einstein radius of the SIE+shear model is 0.64 arcsec.
We find that this model can reproduce the image positions in the
radio, but not the flux ratios, within the 3σ measurement uncertain-
ties. The model-predicted flux ratios are included in Table 4; the
discrepancy between these predictions and the data then motivates
our introduction of an explicit disc mass component in the following
subsection.
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3716 J.-W. Hsueh et al.

Figure 2. Top: VLBA 1.65 GHz image of B0721+472. The rms is 31 µJy beam−1 and the peak is 6.3 mJy beam−1. The restored elliptical Gaussian beam
has a full width at half-maximum of 9.5 × 8.2 mas2 in PA 5.◦3 north to east and it is plotted in red in the bottom-left corner of each image. Bottom: zoom on
the images showing flux-ratio anomaly, A and B. Note that there is a 1σ detection of a faint distorted arc between the images.
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Figure 3. (a) K′-band image of the B0712+472 system obtained with the Keck-II adaptive optics system. This is one of the eight exposures that was used in
the lens modelling. (b) Best-fitting lens model reconstructed image. (c) Residual image (data − model).

Table 2. The multiband observed flux density ratios of the B0712+472 lensed images. The MERLIN 15 GHz
data are from Jackson et al. (1998), the 5 GHz data are from the MERLIN Key Project (Koopmans et al. 2003)
and the VLBA 1.65 GHz and Keck II AO K′-band data are from this work. Note that the VLBA 1.65 GHz and
MERLIN 15 GHz data are one-time measurements, whilst the MERLIN 5 GHz data are the average flux ratios
with rms scatter from a 6-month-long monitoring programme.

Flux ratio VLBA 1.65 GHz MERLIN 5 GHz MERLIN 15 GHz Keck AO K′

B/A 0.663 ± 0.005 0.843 ± 0.061 0.744 ± 0.075 0.51 ± 0.02
C/A 0.327 ± 0.009 0.418 ± 0.037 0.378 ± 0.036 0.27 ± 0.02
D/A 0.068 ± 0.045 0.082 ± 0.035 0.071 ± 0.007 0.08 ± 0.02

3.2 A mass model with a disc

Motivated by the Keck AO and HST imaging, in which the disc is
evident, we improve on the simple SIE+shear model of the previous
section by explicitly adding mass in the form of an exponential disc.
Thus, our total mass model now consists of an SIE (which can be
considered as accounting for the mass of both the dark halo and the
luminous bulge), an exponential disc and external shear.

The second major improvement of our mass model in this section
is that we now combine the position and flux constraints from the
radio observations – which in the past have been the sole constraints
on the mass model – with our new K′ imaging data, which allows
us to perform pixel-based modelling in order to extract information
from the full surface brightness distribution of the Einstein arcs. We
are therefore able to obtain much more precise constraints on the
lensing mass than has previously been possible for this system.

We combine the radio and optical data sets as follows. For the
K′ imaging, we simultaneously model the lensing mass and the
light from the AGN host galaxy, the AGN and the lens galaxy,
following the methods of Oldham et al. (2017). We use a single
Sérsic profile for the host galaxy and decompose the lens galaxy
light into two Sérsic profiles to account for the bulge and the disc
light; because the optical flux densities of the AGN images may
be affected by extinction and stellar microlensing, we model these
as pseudo-foreground PSFs (i.e. with arbitrary fluxes, as opposed
to determining them explicitly from the lens model), but with in-
ferred positions that are constrained by the lens model. As the AO
PSF is uncertain and varies between individual exposures, we ex-
ploit the eight individual exposures in which an unsaturated star is
visible and use this as the PSF in each case; our model therefore
also includes further additional parameters describing the pixel-

level offsets between the eight different frames. After we con-
struct the initial lens model from the optical data sets, we then
simultaneously include the constraints from the radio data, using
GRAVLENS to find the quasar image positions and flux ratios in the
radio and the quasar image positions in the K′ band, for a given
model, which we compare with the data in a chi-squared sense. Fi-
nally, we account for a registration offset between the radio and AO
data sets.

Fig. 3 shows the data, model and signal-to-noise residuals for one
of the eight K′ frames used for the modelling. We are generally able
to recover the radio positions and flux ratios within 1σ and describe
the eight K′ frames virtually down to the noise. It is notable that
although the optical pixels dominate the total number of constraints,
the uncertainties on the flux ratios and positions are sufficiently
small that their contribution to the log likelihood is significant.
Effectively the constraints from the pixels in the K′ frames require
the models to be located in a small region within parameter space,
and the radio data drives it to better discriminate between models
within that space.

3.3 Results

Our model-predicted results for the AGN point source are shown in
Table 4 with comparison to both the observed data and the single
SIE+shear model of Section 3.1. The best-fitting model parameters
and 68 per cent confidence level errors are listed in Table 3, the light
parameters in Table 5 and the lens model is illustrated in Fig. 4.
We find that adding an exponential disc to a smooth SIE model
successfully reproduces the flux ratios in this system. The positions
are all in agreement, and the flux ratios are consistent at the 2σ level,
with excellent agreement now obtained for the two merging images
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Table 3. Best-fitting model parameters and uncertainties of the two-
component SIE+ExpDisc+external shear lens model. The positions are
measured in arcseconds, with respect to image A in VLBA measurement.
The position angles are measured in degrees east of north. The Einstein
radius b and disc scale radius (Rs) are measured in arcseconds.

Parameter SIE component ExpDisc component

�RA 0.785 ± 0.005 0.896 ± 0.005
�Dec. 0.142 ± 0.004 0.200 ± 0.004
b 0.609 ± 0.007 –
κ0 – 0.29 ± 0.04
q 0.84 ± 0.01 0.23 ± 0.01
θ 71 ± 3 59.7 ± 0.3
Rs – 0.39 ± 0.02
γ 0.096+0.005

−0.004 –
θγ 34+2

−1 –

A and B. The AGN source position is at (0.6924, 0.0104). We find
a negligible offset between the host galaxy and AGN position in the
source plane, indicating that the two are cospatial.

The model requires that the disc component makes up about
16 per cent of the total projected mass within the Einstein ra-
dius, which is ME = 1.37+0.19

−0.16 × 1010 M� (or ME = 9.58+1.30
−1.14 ×

109 M�h−1). The total rest-frame K′ luminosities of the disc and
bulge are log (Ld/L�) = 10.71+0.06

−0.05 and log (Lb/L�) = 10.84 ±
0.02, giving a bulge-to-disc light ratio Lb/Ld = 1.34+0.14

−0.12 and a disc
mass-to-light ratio M/L = 0.35+0.07

−0.06. The latter is consistent with a
2 Gyr stellar population forming with a Chabrier stellar initial mass
function, according to the stellar population models of Bruzual &
Charlot (2003) – though we note that the models used for the disc
mass and light are not identical (the former is an exponential disc,
whereas the latter is a Sérsic profile). Nevertheless, the disc mass
is well-aligned with the light, and the mass and light scale radii
are comparable. Finally, we note an offset of 0.12 arcsec (660 pc)
between the disc and SIE centroid positions, and a strong external
shear γ = 0.096+0.005

−0.004, which we discuss further in Section 4.4.

4 D I S C U S S I O N A N D C O N C L U S I O N S

In this paper, we have presented new high-resolution imaging of
the B0712+472 gravitational lens system in the NIR with Keck II
adaptive optics and at radio wavelengths with the VLBA. We have
also presented a new lens model that includes a disc component.
These new data and the new lens model based upon them have led
to a number of new findings.

4.1 Flux-ratio anomalies can also be caused by discs

Based on the NIR imaging data presented in this paper, which shows
the highly inclined disc of the lensing galaxy at a high signal-to-
noise ratio, we have developed a mass model that includes a disc

Table 5. Light profile fitting parameters to the lens galaxy of B0712+472
system in K′ band. The light profile consists of two Sérsic profiles, each
described by a centroid relative to image A (�RA, �Dec.), an effective
radius Re, Sérsic index n, axis ratio q and position angle θ . The effective
radii are measured along the intermediate axis; the intermediate-axis half-
mass radius of the massive disc (Table 3) is 0.31 ± 0.02 arcsec.

Parameter Disc component Bulge component

�RA 0.801+0.011
−0.007 0.806 ± 0.001

�Dec. 0.147+0.007
−0.006 0.151+0.001

−0.002

Re 0.288+0.013
−0.006 0.1273+0.017

−0.014

n 0.883+0.070
−0.147 3.958+0.197

−0.331

q 0.232+0.027
−0.013 0.687+0.002

−0.046

θ 59.7+0.9
−0.5 73.9+0.8

−3.7

component in addition to the traditional SIE that describes the over-
all halo. Such higher order modifications to the smooth mass model
have been suggested by previous studies by Evans & Witt (2003) and
Congdon & Keeton (2005). Our disc+SIE model is able to repro-
duce the observed radio-wavelength flux ratios in the B0712+472

Figure 4. Observed radio positions: blue plus signs; Model-predicted image
positions: red open circles; Lens-plane critical curves: blue solid curves;
Source-plane caustics: red dotted curves. The source position is at (0.6953,
0.0152), which is marked by the red filled circle. The offset between extended
source centroid positions and the point source position is within the full
width at half-maximum of the AO PSF. The centroid positions of the SIE
and exponential disc components are marked by the black and red filled
triangles, respectively.

Table 4. A summary of the observational constraints and the model-predicted results for a lensed point source.
The lensed image positions from VLBA (in arcseconds) and average flux ratios (Koopmans et al. 2003) are with
respect to image A. Uncertainties in the position measurements are 0.003 arcsec.

Image Observed Model-predicted
VLBA 1.65 GHz MERLIN 5 GHz SIE+ExpDisc+Shear SIE+shear
East North Flux ratio East North Flux ratio Flux ratio

A 0 0 1 +0.001 +0.000 1 1
B +0.056 −0.156 0.843 ± 0.061 +0.057 −0.156 0.830 1.031
C +0.812 −0.663 0.418 ± 0.037 +0.812 −0.663 0.364 0.303
D +1.174 +0.459 0.082 ± 0.035 +1.172 +0.459 0.077 0.058
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system without the need for additional dark-matter substructure.
Of course, our model does not rule out a possible substructure
contribution to the image flux densities, but it demonstrates that a
straightforward mass distribution that is motivated by the observed
lensing galaxy morphology can explain the flux-ratio anomaly in
this system. Our work on the B0712+472 system is now the second
case in which a disc component in the lensing galaxy can explain
an observed significant flux-ratio anomaly in the fold images of
a radio-loud lens system. Our previous work on the B1555+375
system showed the same effect, where the addition of an edge-on
disc, once again motivated by the AO imaging data, could reproduce
the observed flux-ratio anomaly without the need for an additional
substructure (Hsueh et al. 2016).

The B0712+472 system was one of the seven radio-loud lenses
on which the Dalal & Kochanek (2002) substructure analysis was
based and B1555+375 has been used in many subsequent substruc-
ture analyses (Kochanek & Dalal 2004; Keeton, Gaudi & Petters
2005; Dobler & Keeton 2006; Xu et al. 2015). The current sample
of systems in which the flux ratios can be reasonably expected to be
free of microlensing or extinction is small (∼10 systems), and three
of these systems (B0712+472, B1555+375 and B1933+503) show
obvious discs. In two of the three, as shown by our previous study
(Hsueh et al. 2016) and the results in this paper, the observed discs
can explain the observed anomalies. In future studies, where larger
lens samples will be available, it will be possible to make a pre-
selection to avoid disc lenses. However, the analysis from Gilman
et al. (2016) has shown that even in elliptical lenses, baryonic struc-
tures can still contribute 10–15 per cent of anomalies. Thus, our
results suggest that approaches that treat the lens-galaxy mass dis-
tributions solely with standard SIE models may overestimate the
incidence of substructure.

4.2 The importance of high-resolution imaging

The models in this paper were based on constraints that would
not have been available without high-resolution imaging. The first
aspect of this is the characterization of the disc component in the
lensing galaxy, without which we would have not been able to
investigate the influence of the baryonic component on the lensed
AGN fluxes with pixel-based lens modelling. The optical spectrum
of the lensing galaxy in the B0712+472 system shows features
typical of elliptical galaxies, with no obvious signs of emission lines
that might indicate star formation associated with a disc component
(Fassnacht & Cohen 1998). Based on the spectrum alone, it would
have been quite natural to assume that the lens was an early-type
galaxy and, thus, to model it only with the standard SIE or related
mass distribution. Instead, we see a clear disc component, which
our surface-brightness fitting to the K′-band AO data reveals to have
a Sérsic index of 0.883. Similar behaviour is seen in the ‘EELs’
sources, which have been spectroscopically selected so that both
the lens and the background object have early-type galaxy spectra.
Several of the sources were shown in HST and SHARP Keck AO
imaging to have a prominent disc component associated with either
the lens or the background source (Oldham et al. 2017).

The high-angular resolution radio data also plays a key role.
The astrometric precision on the mas scale provided by the new
VLBA imaging presented here puts a stringent constraint on the
image positions used for the models, whilst the MERLIN moni-
toring campaign (Koopmans et al. 2003) provides the flux density
ratios that the models need to match. Jackson et al. (1998) have al-
ready noticed the failure in fitting to the radio image positions with
an SIE-only lens model. Although the SIE+shear model reproduces

the astrometry in new VLBA imaging, it favours a small axis ratio
(≈0.5) and a larger external shear, which still leaves notable residu-
als in flux ratios. Although a massive substructure can also perturb
the image positions and cause astrometric anomalies, we find no
sign of luminous satellites in the high-resolution AO imaging. The
failure of the traditional SIE model to predict properly the observed
positions argues, once again, that a more sophisticated model is
required for this system.

4.3 The observed flux ratios are robust

When using flux ratios to investigate substructure, it is important
to ensure that the observed systems are as free as possible from
the effects of microlensing and absorption or other propagation
effects. The first condition requires that the angular sizes of the
lensed emitting regions are larger than the roughly microarcsecond
scale of the Einstein ring radii of individual stars in the lensing
galaxy. This is typically achieved in systems where the lensed AGN
is radio loud (Patnaik et al. 1992; Katz, Moore & Hewitt 1997;
Jackson et al. 1998; Marlow et al. 1999; Patnaik et al. 1999; Biggs
et al. 2000; Phillips et al. 2000; Cohn et al. 2001; Fassnacht &
Lubin 2002; Koopmans et al. 2003; Biggs et al. 2004; McKean et al.
2007; Rumbaugh et al. 2015) and is detected in mid-IR wavelengths
where the emission is coming from the dust torus surrounding the
AGN (Chiba et al. 2005; MacLeod et al. 2013; Vives-Arias et al.
2016, although the dust torus can also contribute to microlensing,
see Stalevski et al. 2012) or where emission from the narrow-line
emission region can be isolated through integral field spectroscopy
(Metcalf et al. 2004; Nierenberg et al. 2014, 2017). Our K′-band
flux ratios are shown in Table 2. These ratios do not account for the
time delays between the images, but the greater than 50 per cent
inconsistency with the average flux ratios from the 5 GHz data
indicates that microlensing or other propagation effects are likely
influencing these flux ratios.

The second condition can also usually be met by observing at
radio or mid-IR wavelengths, where extinction due to dust is not a
significant effect. However, there can be propagation effects such
as interstellar scattering and free–free absorption (Winn, Rusin &
Kochanek 2004; Mittal, Porcas & Wucknitz 2007) that appear to
contribute, at least, in part to the strong flux-ratio anomaly in
the B0128+437 system (Biggs et al. 2004; Lagattuta, Auger &
Fassnacht 2010), or in some rare cases, microlensing from stars
(Koopmans & de Bruyn 2000b). Because these effects have a well-
known power-law dependence on wavelength, it is possible to test
for their presence by obtaining multifrequency radio observations.
For B0712+472, the multiband radio flux ratios are shown in Ta-
ble 2. The VLBA 1.65 GHz and MERLIN 15 GHz data are from
one-time observations and therefore the flux ratios will have larger
uncertainties than those listed in Table 2 due to the intrinsic vari-
ation of the AGN (VLA monitoring at 8.5 GHz finds ∼5 per cent
variability; Rumbaugh et al. 2015), but nevertheless the observa-
tions show no significant sign of power-law frequency dependence
as propagation effects would cause. Thus, the data suggest that the
radio wavelength flux ratios are not affected by propagation effects
and, therefore, that the flux ratios from long-term monitoring used
in our lens modelling are robust.

4.4 The role of the B0712+472 environment

In Section 3, we found that our lens models required a large value
for the shear (γ ≈ 0.1) compared to the Sloan Lens ACS (SLACS)
Survey lenses that only need very little shear (Koopmans et al.
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Figure 5. Local environment of the B0712+472 lens system, which is
marked by the open plus sign. The dashed line represents the position
angle of the shear term in the lens model. Circled galaxies are all part
of a foreground structure at z = 0.29 (Fassnacht & Lubin 2002), whilst
the diamond marks the tip-tilt star used in the Keck AO observations of
this system. The figure is based on the Keck LRIS imaging described in
Fassnacht & Lubin (2002).

2006). As part of our exploration of various lens models, we also
constructed an alternative model with no shear, but found that a
∼2 kpc offset between the SIE and disc mass centroids was re-
quired in this case. In other words, this second model is compen-
sating for the lack of shear by splitting the mass components in
a manner that is unlikely to form a static disc. Previous explo-
rations of the environment of the B0712+472 system have found
a foreground group of galaxies at z = 0.2909 (Fassnacht & Lu-
bin 2002). In particular, this group shows a tight concentration just
to the north-east of the lens system (Fig. 5) in a direction that is
consistent to the shear position angle in the lens model. To iden-
tify the most significant perturbers in the field quantitatively, we
calculate their flexion shift (McCully et al. 2014) and find that the
largest source of the external shear are the three galaxies in the
foreground group at z = 0.2909 that are seen to the north-east
of the lens system in Fig. 5. This direction is also roughly aligned
with the observed disc position angle. Overall, it is likely that a
combination of internal and external shear contributes to the large
shear value seen in the modelling.

4.5 Future work

Constraints on the abundance of substructure will soon achieve
a new stage of accuracy due to the thousands quadruply imaged
quasar lenses that are expected to be discovered by future surveys,
such as the Dark Energy Survey (DES; Dark Energy Survey Col-
laboration et al. 2016), Euclid (Cimatti & Scaramella 2012) and
the Large Synoptic Survey Telescope (LSST; LSST Dark Energy
Science Collaboration 2012). However, our results demonstrate that
in order to fully take advantage of these new large samples, high-
resolution and high signal-to-noise ratio imaging will be needed
to provide correct morphological information and exclude systems
with prominent disc components. At the same time, as some massive
elliptical lenses also show signs of perturbation caused by the intrin-

sic structure of the lens galaxies (Gilman et al. 2016; Hsueh et al.,
in preparation), more complex mass model models will have to be
considered for a robust quantification of dark matter substructure.

In summary, we have demonstrated in this work that B0712+472
is a similar system to B1555+375 in that the observed flux-ratio
anomaly can be reproduced by including a disc component in the
lens model without the need for additional nearby dark substruc-
tures. Thus, baryonic structure can perturb flux ratios of lensed
quasars and introduce bias into the inferred substructure abundance.
Future investigations of the level of intrinsic anomaly from bary-
onic mass distributions are therefore needed in preparation for the
upcoming large-scale surveys that are expected to increase dramat-
ically the sample of the lensed AGN.
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